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DESCRIPTION 
FUEL CELL SYSTEM 

FIELD OF THE INVENTION 

This invention relates to the prevention of the blockage of gas supply due 
to frozen moisture in a fuel cell restarting at low temperatures. 

BACKGROUND OF THE INVENTION 

In a polymer electrolyte fuel cell (PEFC) which generates power through 
an electrochemical reaction using hydrogen and oxygen, reactant gas is likely 
to be obstructed from reaching the electrode catalyst reaction portion.when 
moisture in the vicinity of the electrodes freezes at low temperatures lower 
than zero degrees centigrade. 

Here, reactant gas refers to hydrogen or oxygen. Moreover, when the 
membrane electrolyte freezes, electrical conductivity deteriorates due to a lack 
of moisture. In such a situation, an electrochemical reaction is not produced 
even when fuel gas is supplied to the fuel cell, and hence it may be impossible 
to start the fuel cell. 

In order to prevent freezing of a fuel cell at low temperatures, JP2002- 
20842 1A, published by the Japan Patent Office in 2002, proposes that dry gas 
be circulated through the interior of the fuel cell when the fuel cell stops 
generating power. By means of the circulation of dry gas, the moisture in the 
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interior of the fuel cell is removed, and hence freezing is avoided. 



SUMMARY OF THE INVENTION 

When no moisture remains in the interior of the fuel cell, the freezing of 
moisture inside the fuel cell does not occur even at low temperatures, and 
when the fuel cell is restarted, reactant gas is ensured of reaching the electrolyte 
catalyst reaction portion. In the prior art, however, dry gas circulation causes 
. the electrolyte membrane to dry out. Hence when the fuel cell is started, the 
electrolyte membrane must be returned to a wet condition. In the case of a 
polymer electrolyte fuel ceU, the electrolyte membrane is provided as a membrane 
electrolyte assembly (MEA) to which the anode and cathode are integrated. 
The wet condition of the MEA is detected by monitoring the output voltage of 
the fuel cell, but variations in the output voltage of the fuel cell are unresponsive 
to variation in the wet condition of the electrolyte membrane, and it is 
therefore difficult to precisely grasp the wet condition of the electrolyte 
membrane. 

It is therefore an object of this invention to prevent an ice from blocking 
the gas supply in a fuel cell on restarting under freezing temperature, while to 
maintain the electrolyte in a wet condition. 

In order to achieve the above object, this invention provides a fuel cell 
system which performs power generation by means of an electrochemical 
reaction of a fuel gas and an oxidant gas. The system comprises fuel cells 
each of which comprises an anode which contacts the fuel gas, a cathode 
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which contacts the oxidant gas, and an electrolyte membrane held between 
the anode and cathode, a sensor which detects a temperature of the fuel cells, 
a moisture-adjusted gas generating mechanism which generates moisture- 
adjusted gas at an arbitrary humidity, and a programmable controller. 

The programmable controller is programmed to determine a target humidity 
based on the temperature of the fuel cells after power generation is halted, to 
control the moisture-adjusted gas generating mechanism such that the humidity 
of the moisture-adjusted gas matches the target humidity, and to control the 
. moisture-adjusted gas generating mechanism to supply the moisture-adjusted 
gas adjusted to the target humidity to at least one of the anode and cathode 
after power generation in the fuel cells is halted. 

This invention also provides a moisture control method of fuel cell system 
which controls moisture-adjusted gas at an arbitrary humidity. 

The method comprises determining a temperature of the fuel cells, 
determining a target humidity based on a temperature 6f the fuel cells after 
power generation is halted, controlling the moisture-adjusted gas generating 
mechanism such that the humidity of the moisture-adjusted gas matches the 
target humidity, and controlling the gas generating mechanism to supply the 
moisture-adjusted gas adjusted to the target humidity to at least one of the 
anode and cathode after power generation in the fuel cells is halted. 

The details as well as other features and advantages of this invention are 
set forth in the remainder of the specification and are shown in the accompanying 
drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



FIG. 1 is a schematic diagram of a fuel cell system according to this 
invention. 

FIGs. 2A and 2B are diagrams illustrating a wet condition of the fuel cell 
during power generation and after a supply of moisture-adjusted gas, according 
to this invention. 

FIG. 3 is a flowchart illustrating a moisture-adjusted gas supply routine 
. executed by a controller according to this invention after power generation is 
halted in the fuel cell. 

FIG. 4 is similar to FIG. 1, but shows a second embodiment of this 
invention. 

FIG. 5 is a flowchart illustrating a moisture-adjusted gas supply routine 
executed by a controller according to the second embodiment of this invention 
after power generation is halted in the fuel cell. 

FIG. 6 is a diagram illustrating the characteristics of a map for determining 
a wet condition of the fuel cell stored by the controller according to the 
second embodiment of this invention. 

FIG. 7 is similar to FIG. 1, but shows a third embodiment of this 
invention. 

FIG. 8 is a flowchart illustrating a moisture-adjusted gas supply routine 
executed by a controller according to the third embodiment of this invention 
after power generation is halted in the fuel ceU. 

FIG. 9 is a diagram illustrating differences in the humidity of gas supplied 



WO 2004/055928 PCT/JP2003/015324 

- 5 - 

to the anode and cathode in a fuel cell system according to a fourth embodiment 
of this invention after power generation is halted in the fuel cell. 

FIG. 10 is a diagram illustrating the characteristics of a wet condition 
detector according to a fifth embodiment of this invention. 

FIG. 1 1 is a schematic diagram of a fuel cell system according to a sixth 
embodiment of this invention. 

FIG. 12 is a diagram illustrating temporal variation in the wet condition 
of a fuel cell stack according to the sixth embodiment of this invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring to FIG. 1 of the drawings, a fuel ceU system comprises a fuel 
cell stack 50 in which a plurality of polymer electrolyte fuel cells 1 is stacked. 
The fuel cell 1 comprises an anode 2 and a cathode 3. 

Although only a single fuel cell 1 is illustrated in the figure, the actual 
fuel cell system comprise a fuel cell stack 50 comprising a large number of 
stacked fuel cells 1. The fuel cell 1 in the figure should be understood as one 
of the fuel cells 1 constituting the fuel cell stack 50. 

Hydrogen is supplied to the anode 2 of each fuel cell 1 as fuel gas having 
been humidified by a first humidifier 4. Air is supplied to the cathode 3 of 
each fuel ceU 1 as an oxidant gas having been humidified by a second humidifier 
5. The state of humidification of the humidifiers 4 and 5 is controlled by a 
controller 7 through output signals. A bubbler or steamer may be used as the 
humidifiers 4, 5 having such a function. 
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In this embodiment, the hydrogen and oxygen correspond to the moisture- 
adjusted gas in the claims, and the humidifier 4(5) corresponds to the moisture- 
adjusted gas generating mechanism to the claims. 

The controller 7 is constituted by a microcomputer comprising a central 
processing unit (CPU), read-only memory (ROM), random access memory (RAM), 
and an input/output interface (I/O interface). The controller may be constituted 
by a plurality of microcomputers. 

The controller 7 controls the state of humidification of the humidifiers 4 
. and 5 based on the temperature of the fuel cell 1. For this purpose, the 
detected temperature of a temperature sensor 6 which detects the temperature 
of the fuel cell stack 50 is input into the controller 7 as a signal. 

The temperature sensor 6 is provided to a specific location to the fuel cell 
stack 50 so as to detect a representative value for the temperature of the fuel 
ceUs 1 constituting the fuel cell stack 50, 

When the temperature of the fuel cell system falls "below freezing point 
following cessation of an operation of the fuel cell stack 50, the accumulated 
water inside the fuel cell 1 freezes, and as a result reactant gas is hindered 
from reaching the electrodes upon restart. If the moisture inside the fuel cell 
1 is completely removed when the fuel cell system is inoperative to order to 
prevent freezing of the moisture inside the fuel cell 1, great electrical resistance 
to the dried electrolyte membrane becomes a hindrance to a power generation 
reaction when the fuel cell system is restarted. 

In this invention, moisture -adjusted gas of an appropriate humidity is 
supplied to the fuel cell 1 following the cessation of operations to the fuel cell 
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system, thereby removing condensed water inside the fuel cell 1 while keeping 
the fuel cell 1 in a predetermined wet condition. Here, the hydrogen and air 
used in the power generation reaction are also used as the moisture-adjusted 



Following this processing, fuel ceU 1, when restarting at a low temperature 
below freezing point, does not suffer a blockage of gas supply due to frozen 
moisture while the electrolyte membrane 10 does not dry out excessively. 
Hence the fuel cell system can be restarted smoothly even in a low- temperature 
. environment of less than zero degrees centigrade. 

The humidifier 4 is provided to humidify the hydrogen that is supplied to 
the anode 2. The humidifier 5 is provided to humidify the air that is supplied 
to the cathode 3. The humidifiers 4, 5 perform humidification of the hydrogen 
and air while the fuel cell 1 generates power and after power generation is 
halted. 

Next, referring to FIGs. 2A and 2B, the constitution of the fuel cell 1 will 
be described. The fuel cell system performs power generation using a fuel cell 
stack 50 which is constituted by a plurality of the fuel cells 1 stacked in 
series. 

The fuel cell 1 comprises a membrane electrolyte assembly (MEA) 13, a 
hydrogen passage 11, and an air passage 12. 

The MEA 13 is an integrated body comprising the anode 2 and cathode 3 
on each side of the electrolyte membrane 10. The anode 2 comprises a 
catalyst portion 2a which contacts the electrolyte membrane 10, and a gas 
diffusion layer 2b which faces the hydrogen passage 11. The cathode 3 
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comprises a catalyst portion 3a which contacts the electrolyte membrane 10, 
and a gas diffusion layer 3b which faces the air passage 12. The catalyst 
portions 2a and 3a are constituted by a carbon-supported platinum catalyst. 

The hydrogen passage 11 and air passage 12 are formed in the interior of 
a separator 14 which surrounds the MEA 13. 

During power generation in the fuel cell 1, the humidifier 4 supplies 
humidified hydrogen to the hydrogen passage 11, and the humidifier 5 supplies 
humidified air to the air passage 12. The hydrogen in the hydrogen passage 11 
diffuses into the catalyst portion 2a through the gas diffusion layer 2b, 
whereupon an electrochemical reaction illustrated in the following equation is 
produced by means of the platinum catalyst. 
H 2 -> 2H + + 2e 

A proton H + produced as a result of this reaction passes through the 
electrolyte membrane 10 to reach the cathode 3. An electron e" passes through 
an electrical circuit which is electrically connected to the anode 2 and cathode 
3 to reach the catalyst portion 3b of the cathode 3, whereby driving an 
electrical load in the electrical circuit. 

Since the proton H + passes through the electrolyte membrane 10 in a 
hydrated state, the electrolyte membrane 10 must be in a wet condition. 

In the cathode 3, the oxygen in the air supplied from the air passage 12 
diffuses into the catalyst portion 3a through the gas diffusion layer 3b. In the 
catalyst portion 3a, an electrochemical reaction illustrated in the following 
equation is produced by means of the platinum catalyst. 
|o 2 +2H + + 2e-->H 2 0 
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As a result, water is generated In the catalyst portion 3a. 
As shown in FIG. 2A, during power generation a wet condition is maintained 
at all times in the fuel cell 1, including the electrolyte membrane 10, as a 
result of the supply of humidified air and hydrogen as well as the generation 
of water in the cathode 3. 

However, if a similar wet condition is maintained after power generation 
has been halted in the fuel cell 1, the water generated in the cathode 3 freezes 
in the gas diffusion layer 3b and air passage 12 in a low temperature environment 
. below freezing point. Such freezing makes it difficult for oxygen to reach the 
catalyst portion 3a when the fuel cell 1 is restarted. 

Likewise in the anode 2, during power generation in the fuel cell 1 the 
moisture content of the humidified hydrogen condenses and remains in the 
gas diffusion layer 2b and hydrogen passage 11. In a low temperature environment 
below freezing point, this remaining moisture freezes after power generation in 
the fuel cell 1 is halted. As a result of this freezing, it becomes difficult for 
hydrogen to reach the catalyst portion 2a when the fuel cell 1 is restarted. 

In this invention, appropriately humidified reactant gas is produced by 
controlling the humidifiers 4 and 5, and this reactant gas is supplied to the 
fuel cell 1 after power generation is halted. As shown in FIG. 2B, appropriately 
humidified reactant gas indicates reactant gas in a wet condition according to 
which the moisture content in the reactant gas and the moisture inside the 
electrolyte membrane 10 enter a state of equilibrium, and the electrolyte 
membrane 10 can be maintained in a sufficiently wet condition. By supplying 
appropriately humidified reactant gas to the anode 2 and cathode 3 in this 
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manner, condensed water In the hydrogen passage 11, air passage 12, gas 
diffusion layer 2b, and gas diffusion layer 3b can be removed while preventing 
the moisture of the electrolyte membrane 10 from escaping. 

By applying this processing to the fuel cell 1 after power generation is 
halted, reactant gas reaches the catalyst portion 2a and catalyst portion 3a 
smoothly even when the fuel cell 1 is restarted from below freezing point. 
Drying of the electrolyte membrane 10 can also be prevented, and hence the 
fuel cell 1 can be restarted in a short period of time. 

Next, referring to FIG. 3 , a moisture-adjusted gas supply routine which is 
executed by the controller 7 in order to realize the above control will be 
described. This routine is executed only once every time power generation in 
the fuel cell 1 is halted. 

First, in a step SI, the controller 7 reads the temperature of the fuel cell 
stack 50 detected by the temperature sensor 6. 

Next, in a step S2, the controller 7 sets a target humidity for the reactant 
gas based on the temperature of the fuel cell stack 50 such that the moisture 
content of the electrolyte membrane 10 and the wet condition of the reactant 
gas supplied around the electrolyte membrane 10 enter a state of equilibrium. 
The wetness of the electrolyte membrane 10 when in a state of equilibrium is 
lower than the humidity of the electrolyte membrane 10 when the fuel cell 1 is 
generating power. To realize this wetness, the humidity of the reactant gas is 
set such that the vapor pressure of the reactant gas takes a value that is 
lower than the saturated vapor pressure by a fixed pressure. The saturated 
vapor pressure rises as the temperature Increases, and hence the target reactant 
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gas humidity is also characterized In rising as the temperature increases. A 
map having this characteristic is stored in advance in the memory (ROM) of 
the controller 7, and in the step S2 the controller 7 sets the target reactant 
gas humidity on the basis of the temperature of the fuel cell stack 50 by 
referring to this map. The state of humidification of the humidifier 4(5) is 
then controlled in order to realize this target humidity. 

In a case in which moisture in the hydrogen passage 11 and the gas 
diffusion layer 2b of the anode 2 is to be removed, the reactant gas subject to 
. humidification is hydrogen. If moisture in the air passage 12 and the gas 
diflusion layer 3b of the cathode 3 is to be removed, then the subject reactant 
gas is air. If moisture is to be removed from both of the passages 11, 12 and 
gas diflusion layers 2b, 3b, both hydrogen and air are subject to humidification. 

Next, in a step S3, the controller 7 operates the humidifier 4(5) to begin 
supplying the reactant gas, which has been humidified to the target humidity, 
to the fuel cell 1.1 

Next, in a step S4, the controller 7 determines whether or not the time 
elapsed from the beginning of reactant gas supply has reached a predetermined 
length of time. The controller 7 waits for the elapsed time to reach the 
predetermined length of time, and when the elapsed time reaches the 
predetermined length of time, the controller 7 performs the processing of a 
following step S5. While waiting, reactant gas humidified to the predetermined 
humidity continues to be supplied to each of the fuel ceU 1. The elapsed time 
is set to three minutes, for example. 

In the step S5, the controller 7 halts the supply of reactant gas to each of 
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the fuel cell 1 and humidlficatlon by the humidifier 4(5). Following the 
processing of the step S5, the controller 7 ends the routine. The fuel cell 
stack 50 is then left as it is until restarting is performed. 

Next, referring to a Table 1, the results of an experiment conducted by 
the inventors regarding the relationship between the humidity of the reactant 
gas and the restarting capability of a fuel cell 1 will be described. The 
inventors supplied reactant gas at a certain humidity for a fixed period of time 
with power generation to the fuel cell 1 halted. The fuel cell 1 was then left In 
an environment of minus twenty degrees centigrade, whereupon air and hydrogen 
were supplied to the fuel cell 1 to restart the fuel cell. 

Table- 1 



Relative humidity of 
reaction gas 


Power generation capability 
at -20°C or lower 


0% 


not capable 


15% 


capable 


40% 


ditto 


60% 


ditto 


95% 


ditto 


100% 


not capable 



As shown in Table 1 , when reactant gas within a range of 15-95% humidity 
is supplied to the fuel cell 1 in a state of halted power generation, the fuel cell 
1 can be restarted normally at minus twenty degrees centigrade. However, 
when reactant gas outside of this humidity range was supplied, the fuel cell 1 
could not be restarted normally at minus twenty degrees centigrade. From the 
results of this experiment as described above, it is desirable that the humidity 
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of the reactant gas that is supplied to the fuel cell 1 in a state of halted power 
generation be within a range of 15-95%. 

When the humidity of the reactant gas is greater than 95%, it becomes 
difficult to remove moisture from the passage 11(12) and gas diffusion layer 
2b(3b). Also, water vapor contained to the reactant gas may condense and 
remain in the passage 11(12) or gas diffusion layer 2b(3b) as water droplets. 
If, on the other hand, the humidity of the reactant gas is lower than 15%, the 
electrolyte membrane 10 dries out, causing an increase in internal resistance 
. which makes restarting the fuel cell 1 difficult. 

When reactant gas within a humidity range of 15-95% is supplied to the 
fuel cells 1 following cessation of power generation, the moisture content of 
the electrolyte membrane 10 and the moisture content of the reactant gas 
become balanced, enabling condensed water inside the passage 11(12) and gas 
diffusion layer 2b(3b) 1 lto be removed while matataining the wet condition of 
the electrolyte membrane 10. As a result, when the fuel cell 1 is restarted, 
reactant gas is supplied rapidly to the catalyst portion 2a(3a) through the gas 
diffusion layer 2b(3b)ll, whereby the fuel cell 1 is restarted smoothly and the 
time required for the fuel cell 1 to become capable of power generation is 
shortened. It is also easy to maintain the wet condition of the electrolyte 
membrane 10 during restarting. 

This device humidifies the reactant gas that is supplied to the fuel cell 
stack 50 following cessation of power generation using the humidifier 4(5), 
which humidifies the reactant gas during power generation in the fuel cell 
stack 50. Hence no specialist device is required for humidifying the reactant 
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gas following the cessation of power generation, and thus the interior of the 
MEA 13 can be set in a uniformly wet condition while retaining a simple 
constitution of the fuel ceU system. 

Further, the humidity of the reactant gas is determined according to the 
temperature of the fuel cell stack 50, and hence the amount of moisture 
contained in the electrolyte membrane 10 can be maintained at a fixed level 
regardless of the temperature of the fuel cell stack 50. 

Next, referring to FIGs. 4 to 6, a second embodiment of this invention 
. will be described. 

Referring to FIG. 4, the fuel cell system according to this embodiment 
comprises a humidity sensor 8 for detecting the humidity of the fuel cell stack 
50 that is considered to be a representative value for the humidity of the fuel 
cells 1. The constitutions of the other hardware relating to the fuel cell system 
are identical to those of the first embodiment. 

In the first embodiment, the controller 7 supplied humidified reactant gas 
to each of the fuel cells 1 over a predetermined period of time following the 
cessation of power generation in the fuel cell stack 50. In this embodiment, 
however, the controller 7 continues to supply the humidified reactant gas, 
regardless of the amount of time elapsed from the beginning of humidified 
reactant gas supply, until the temperature and humidity of the fuel cell stack 
50 reach a wet condition of a predetermined equilibrium. Further, the state of 
humidiflcation of the reactant gas is caused to vary dynamically in accordance 
with variations in the temperature and humidity of the fuel cell stack 50. 

Referring to FIG. 5, first, in a step Sll, the controller 7 reads the 
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humidity inside the fuel cell stack 50 detected by the humidity sensor 8, and 
the temperature of the fuel cell 1 detected by the temperature sensor 6. 

In steps S12-S15, the controller 7 feedback-controls the state of 
humidification of the humidifier 4(5) on the basis of the humidity and 
temperature of the fuel cells 1. 

First, in the step SI 2, a target humidity for the reactant gas is set. 
When the processing of the step S12 is executed first in the feedback loop of 
the steps S12-S15, the controller 7 sets an initial value of the target humidity 
. by referring to a map which is stored in advance in the memory (ROM) on the 
basis of the humidity and temperature of the fuel ceU 1 read in the step Sll. 
The difference between this map and the map used in the step S2 of the first 
embodiment is that the humidity of the fuel cells 1 is added as a parameter. 
In addition to the relationship between the target humidity of the reactant gas 
and the temperature of the fuel cells 1 defined in the map in the first 
embodiment, the relationship between the target humidity of the reactant gas 
and the humidity of the fuel cells 1 is defined. More specifically, a characteristic 
is set such that when the humidity of the fuel cells 1 is higher than a 
predetermined humidity, a smaller target humidity is applied than when the 
humidity of the fuel cells 1 is lower than the predetermined humidity. 

In the processing of the step S12 from the second time onward in the 
feedback loop, the controller 7 applies a well-known feedback control method 
such as proportional/integral control to correct the target humidity. 

Once the target humidity has been set in this manner, the controller 7 
controls the state of humidification of the humidifier 4(5) so as to realize the 
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target humidity. 

Next, in the step S13, the controller 7 operates the humidifier 4(5) to 
supply to the fuel cells 1 reactant gas humidified to the target humidity. 

Next, in the step S14, the controller 7 reads the humidity and temperature 
of the fuel cells 1 again in a similar manner to the step SI 1. 

Next, in the step S15, the controller 7 determines whether or not the wet 
condition of the fuel cells 1 has reached the predetermined state of equilibrium 
from the humidity and temperature of the fuel cells 1 detected in the step S14. 

This determination is made by referring to a map having the characteristic 
shown in FIG. 6, which is stored in advance in the memory (ROM) of the 
controller 7. In this map, three regions (A)(B)(C) are set in accordance with 
the temperature and humidity of the fuel cells 1. The region (B) is a region in 
which the predetermined balanced wet condition is obtained. The region (A) is 
a region in which the electrolyte membrane 10 is too dry, and the region (C) is 
a region in which condensed water remains inside the fuel cells 1. When the 
temperature and humidity of the fuel cells 1 are in the region (C), the controller 
7 feedback-corrects the target humidity of the reactant gas in the step S12 
such that the target humidity is reduced, and when the temperature and 
humidity of the fuel cells 1 are in the region (A), the controller 7 feedback -corrects 
the target humidity of the reactant gas in the step S12 such that the target 
humidity increases. 

The controller 7 executes the processing of the steps S12-S15 repeatedly 
until the fuel cells 1 reaches the predetermined state of equilibrium, or in 
other words until the region (B) is reached. 
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When the fuel cell 1 reaches the predetermined state of equilibrium in 
the step S15, the controller 7 halts the supply of the reactant gas to the fuel 
cells 1 and humidification by the humidifier 4(5) in a step S16. Following the 
processing of the step S16, the controller 7 ends the routine. Thereafter, the 
fuel cell stack 50 is left as it is until restarting is performed. 

It should be noted that the likelihood of condensed water remaining in 
the cathode 3 is extremely high immediately after power generation is halted 
in the fuel cells 1. It is also possible that large irregularities in humidity will 
occur depending on the location within a fuel cell 1. 

Hence, by continuing to supply humidified reactant gas for a short amount 
of time even after it has been determined from the temperature and humidity 
of the fuel cells 1 that the wet condition of the fuel cells 1 has reached the 
predetermined state of equilibrium, the desired wet condition can be obtained 
throughout the entire fuel cells 1 with certainty. 

In this embodiment, setting of the target humidity and determination of 
the predetermined wet condition are performed dynamically according to 
variation in the temperature and humidity of the fuel cells 1. Hence the wet 
condition of the fuel cells 1 can be controlled more accurately than the first 
embodiment. 

Next, referring to FIGs. 7 and 8, a third embodiment of this invention 
will be described. 

Referring to FIG. 7, the fuel cell system according to this embodiment 
comprises an outside air temperature sensor 9 in addition to the constitution 
of the fuel cell system according to the second embodiment. The constitutions 
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of the other hardware relating to the fuel cell system are identical to those of 
the second embodiment. 

In this embodiment, the controller 7 does not begin to supply humidified 
reactant gas immediately after power generation is halted in the fuel ceUs 1, 
but waits for a fixed period of time. Humidified reactant gas is supplied to the 
fuel cells 1 when, during this waiting period, the outside air temperature falls 
within a temperature region in which the fuel cells 1 are likely to freeze. 

Referring to FIG. 8, first, in a step S21, the controller 7 reads the outside 
. air temperature detected by the outside air temperature sensor 9. 

Next, in a step S22, a determination is made as to whether or not the 
outside air temperature is within a predetermined temperature region. The 
predetermined temperature region is from freezing point to a higher reference 
temperature than freezing point. The reference temperature is set at five 
degrees centigrade, for example. If the outside air temperature deviates from 
the predetermined temperature region, the controller 7 wafrs for a fixed period 
of time in a step S30, and then repeats the processing from the step S21. The 
fixed period of time is set at ten minutes, for example. 

The reason why humidified reactant gas is not supplied immediately to 
the fuel cells 1 when the outside air temperature deviates from the predetermined 
temperature region is as follows. 

When the outside air temperature falls below freezing point, the interior 
of the fuel cells 1 may already be frozen and humidiflcation by the humidifier 
4(5) is difficult, and hence control of the wet condition of the fuel cells 1 is 
not performed. When the outside air temperature is higher than the reference 
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temperature, on the other hand, there is considered to be no possibility of 
freezing even if the fuel cell stack 50 is left as is. Hence in such cases, 
supplying humidified reactant gas to the fuel cells 1 is postponed until the 
outside air temperature variations to the predetermined temperature region. 

When the outside air temperature is within the predetermined temperature 
region In the step S22, the controller 7 reads the humidity inside the fuel cells 
1 detected by the humidity sensor 8 and the temperature of the fuel cells 1 
detected by the temperature sensor 6 in a step S23. 

Next, in a step S24, the controller 7 determines whether or not the wet 
condition of the fuel cells 1 has reached the predetermined state of equilibrium 
from the humidity and temperature of the fuel cells 1. This determination is 
identical to the determination of the step S15 in the second embodiment. If 
the fuel cells 1 have reached the predetermined state of equilibrium, the 
controller 7 waits for the fixed period of time in the step S30 described above, 
and then repeats the processing from the step S21 onward. If the fuel cells 1 
have not reached the predetermined state of equilibrium, the controller 7 
performs the processing of steps S25-S29, whereby humidified reactant gas is 
supplied to the fuel cells 1. The processing content of the steps S25-S29 is 
identical to the processing of the steps S12-S16 in the second embodiment. 

By executing the above routine, when condensed water is produced inside 
the fuel ceUs 1, for example, the humidity inside the fuel cells 1 reaches 100% 
or a high humidity in the vicinity thereof. In this case, the determination 
result of the step S24 is negative . and hence the process for supplying humidified 
reactant gas from the step S25 onward is invariably executed as long as the 
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outside air temperature is within the predetermined temperature region, whereby 
surplus water is removed from the interior of the fuel cells 1 . 

In the step S22, a determination is made in accordance with the outside 
air temperature as to whether or not to supply humidified reactant gas to the 
fuel cells l. However, the same determination may be made according to the 
temperature of the fuel cells 1 detected by the temperature sensor 6 or the 
temperature in a specific location of the fuel cell stack 50 which serves as a 
representative temperature for the fuel cells 1. In this case, humidified 
. reactant gas is not supplied to the fuel cells 1 until the heat held by the fuel 
cells 1 has been discharged following the cessation of power generation in the 
fuel cells 1, and the supply of humidified reactant gas to the fuel cells 1 is 
begun when the temperature of the fuel cells 1 has fallen to a predetermined 
temperature region. In so doing, wasteful supply of humidified reactant gas 
can be avoided, and the power consumption required for preventing freezing 
can be reduced. 

Next, referring to FIG. 9, a fourth embodiment of this invention will be 
described. 

In this embodiment, the humidity of the hydrogen that is supplied to the 
anode 2 and the humidity of the air that is supplied to the cathode 3 are set 
to different values. This embodiment may be combined with any of the first 
through third embodiments described above. 

The inventors performed an experiment in which humidified hydrogen 
and humidified air were supplied to the anode 2 and cathode 3 respectively 
following cessation of power generation, and the humidity of the humidified 
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hydrogen and humidity of the humidified air were set to different values. The 
effect produced by this difference in humidity on the possible amount of 
generated energy when a fuel cell 1 was restarted at minus twenty degrees 
centigrade was then examined. FIG. 9 shows the results of the experiment. 

According to this experiment, when the wetness of the anode 2 is set 
higher than the wetness of the cathode 3, the possible amount of generated 
energy at minus twenty degrees centigrade is maximized. During power 
generation, the faces of the electrolyte membrane 10 which face the anode 2 
. are likely to dry out. Hence the wetness of the anode 2 is set to a high level in 
advance before the fuel cell stack 50 is left as it is. If the wetness of the 
cathode 3 is set to a similarly high level at this time, the probability of water 
accumulating inside the gas diffusion layer 3b Increases, and at low temperatures 
this moisture freezes, obstructing air from reaching the catalyst portion 3a 
when the fuel cell stack 50 is restarted. 

For the reasons described above, in this embodiment hydrogen of a higher 
humidity than the humidity of the air which is supplied to the cathode 3 is 
supplied to the anode 2 of the fuel cells 1 after power generation is halted. By 
taking this measure, the faces of the electrolyte membrane 10 which face the 
anode 2 can be prevented from drying out when the fuel cell stack 50 is 
restarted from below freezing point. 

Next, referring to FIG. 10, a fifth embodiment of this invention will be 
described. 

This embodiment relates to a method for detecting a wet condition of the 
fuel cells 1. In the second embodiment, the wet condition of the fuel cells 1 is 
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detected using the humidity sensor 8, but in this embodiment, the wet condition 
of the fuel cells 1 is detected using a high frequency impedance meter 15 for 
measuring high frequency impedance between the anode 2 and cathode 3 of 
one of the fuel cell 1. High frequency impedance between the anode 2 and 
cathode 3 corresponds to electrical resistance between the anode 2 and cathode 
3, and varies in accordance with the temperature and wetness of the fuel cell 
stack 50. 

Accordingly, in this embodiment a map shown in FIG. 10 is used instead 
of the map of the second embodiment shown in FIG. 6. In this map, similarly 
to the map in FIG. 6, the wetness of the fuel cell stack 50 is divided into three 
regions, (A) too dry, (B) appropriate wet condition, and (C) remaining condensed 
water, in accordance with the temperature of the fuel cell stack 50 and the 
high frequency impedance between the anode 2 and cathode 3 detected by the 
high frequency impedance meter 15. In the drawing, the wetness of the fuel 
cell stack 50 decreases as the high frequency impedance increases and the 
temperature of the fuel cell stack 50 rises. 

hi the region (A), the electrolyte membrane 10 is too dry. In this state, 
electromotive force falls rapidly even at a slight current when a fuel cell 1 is 
caused to perform power generation. In the region (A), impedance, or in other 
words resistance, is high, and hence large voltage drops occur at even a slight 
current. If the resistance is 10 Ohm-square centimeters (ficm 2 ), for example, 
the voltage drop in the MEA 13 when an electrical current of 0.1 amperes per 
square centimeter (A/cm 2 ) is applied equals 1 volt (V). With such a voltage 
drop, it is difficult to generate power in the fuel cell 1. 
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In the region (C), the electrolyte membrane 10 enters the excessively wet 
condition shown in FIG. 2A. For example, if 100% humidity reactant gas is 
supplied to the fuel cells 1 after power generation is halted in the fuel cells 1, 
the condensed water inside the fuel cells 1 cannot be removed. If the fuel cell 
stack 50 is left in this state, the condensed water inside the fuel cells 1 freezes 
when the outside air temperature falls below freezing point. As a result, 
reactant gas is obstructed from reaching the catalyst portion 2a(3a) when the 
fuel cell stack 50 is restarted. 

In the region (B), condensed water is not produced in the electrolyte 
membrane 10, and an appropriate wet condition is maintained. Hence, even 
in a low temperature of minus twenty degrees centigrade, the fuel cell stack 50 
can be restarted in a short period of time, and a sufficient electromotive power 
is exhibited directly after restarting. 

Here, the high frequency impedance and wetness have the qualitative 
characteristics shown in FIG. 10, but the high frequency impedance between 
the anode 2 and cathode 3 differs according to the constitution of the MEA 
13, including the thickness of the electrolyte membrane 10. Hence, specific 
numerical values for the boundaries of the region (B) are determined 
experientiaUy using a fuel cell of an identical specification to the fuel cell 1, 
and a map based on the results of the experiment is stored in the memory 
(ROM) of the controller 7 in advance. 

Similarly to the second embodiment, the controller 7 executes the moisture- 
adjusted gas supply routine of FIG. 5 immediately after power generation is 
halted in the fuel cell stack 50. 
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In this embodiment, the high frequency impedance detected by the high 
frequency impedance meter 15 is read in the steps Sll and S14 instead of the 
humidity of the fuel cells 1. Other processing is identical to the second 
embodiment. 

In this embodiment, the wetness of the fuel cells 1 is detected on the 
basis of the high frequency impedance, or in other words the electrical resistance 
value, and hence wetness can be detected with good response. 

Next, referring to FIGs. 11 and 12, a sixth embodiment of this invention 
. will be described. 

This embodiment relates to sensor disposition. 

Referring to FIG. 11, in this embodiment a first temperature sensor 6a, a 
second temperature sensor 6b, a first humidity sensor 8a, and a second 
humidity sensor 8b are provided for detecting the temperature and humidity of 
the fuel cell stack 50 comprising a large number of stacked fuel cells 1. 

The hydrogen passage 11 of each of the stacked fuel cells 1 in the fuel cell 
stack 50 is connected in parallel to a hydrogen manifold which penetrates 
through the fuel cell stacks 1 constituting the fuel cell stack 50. Similarly, the 
air passage 12 of each fuel cell 1 is connected in parallel to an air manifold 
which also penetrates the fuel cells 1 constituting the fuel cell stack 50. An 
inlet 51a of the hydrogen manifold and an inlet 51b of the air manifold are 
formed on one end of the fuel cell stack 50. An outlet 52a of the hydrogen 
manifold and an outlet 52b of the air manifold are formed on another end of 
the fuel cell stack 50. 

Hydrogen from the humidifier 4 is supplied to the inlet 51a of the hydrogen 
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manifold, and air from the humidifier 5 is supplied to the inlet 51b of the air 
manifold. 

In the fuel cell stack 50 constituted in this manner, the temperature 
sensor 6a and humidity sensor 8a are provided In the upstream portion of the 
fuel cell stack 50 in the vicinity of the inlets 51a and 51b. The temperature 
sensor 6b and humidity sensor 8b are provided in the downstream portion of 
the fuel cell stack 50 in the vicinity of the outlets 52a and 52b. 

Referring to FIG. 12, immediately after power generation is halted in the 
. fuel cell stack 50, the fuel cells 1 are in a uniform wet condition. Here, when 
humidity-controlled reactant gas is supplied to the fuel cell stack 50 using a 
method according to any of the aforementioned embodiments, the wetness of 
the fuel cell 1 decreases with time. At this time, the wetness of a fuel cell la 
positioned in the upstream portion of the fuel cell stack 50 decreases more 
quickly than the wetness of a fuel ceU lb positioned in the downstream 
portion of the fuel cell stack 50. Hence, the time required for the moisture 
content of the electrolyte membrane 10 and the wet condition of the reactant 
gas supplied around the electrolyte membrane 10 to reach a state of equilibrium 
is shorter in the upstream portion fuel cell la than the downstream portion 
fuel cell lb. Likewise regarding the temperatures detected by the temperature 
sensor 6a and temperature sensor 6b, decreases are more rapid In the upstream 
portion. 

In each of the second, third, and fifth embodiments, the target humidity 
of the reactant gas is caused to vary dynamically according to variation in the 
temperature and humidity of the fuel cell 1. 
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In this embodiment, if the target humidity of the reactant gas is determined 
on the basis of the humidity detected by the downstream portion humidity 
sensor 8b and the temperature detected by the downstream portion temperature 
sensor 6b in the step S12 or S25, the humidity of the reactant gas will become 
too dry in relation to the wetness of the upstream portion fuel cell 1, and as a 
result the electrolyte membrane 10 of the upstream portion fuel cell 1 may dry 
out. 

Further; if the determination in the step S15 or S28 as to whether or not 
. the wet condition of the fuel cell 1 has reached the predetermined state of 
equilibrium is made on the basis of the humidity detected by the upstream 
portion humidity sensor 8a and the temperature detected by the upstream 
portion temperature sensor 6a, it may be erroneously determined that the 
predetermined state of equilibrium has been reached before the wet condition 
of the downstream portion fuel cell lb reaches the predetermined state of 
equilibrium. 

Conversely, if the target humidity of the reactant gas is determined on 
the basis of the humidity detected by the upstream portion humidity sensor 
8a, and the determination as to whether or not the predetermined state of 
equilibrium has been reached is made on the basis of the humidity detected by 
the downstream portion humidity sensor 8b, the wet condition of the large 
number of fuel cells 1 can be controlled accurately using few sensors. 

This sensor disposal in a fuel cell system which uses a fuel cell stack 
comprising a large number of the fuel cells 1 may be combined with any 
control algorithm of the first through fifth embodiments. 
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In each of the embodiments described above, humidified reactant gas is 
used to cause the wetness of the fuel cell 1 after power generation is halted to 
reach a predetermined state of equilibrium. Theoretically, it is possible to 
cause the wetness of the fuel cell 1 to reach a state of equilibrium using 
non-humidified dry reactant gas, as in the prior art. In this case, however, 
the state of equilibrium is reached only momentarily during a process in 
which the wetness of the fuel cells 1 moves from an excessively high level to 
an excessively low level. Hence it is difficult to determine the timing at which 
reactant gas supply should be halted, and the wetness of the fuel cells 1 
cannot be controlled with precision. Further, in a fuel cell stack comprising a 
large number of stacked fuel cells 1, all of the fuel cells 1 do not necessarily 
reach the state of equilibrium simultaneously, and thus when dry reactant 
gas is supplied to the fuel cell stack, it is impossible for all of the fuel cells 1 
to reach the state of equilibrium. By using reactant gas which is adjusted to 
a target humidity on the basis of the temperature and/or* humidity of the fuel 
cells 1, as in this invention, all of the fuel cells 1 can be caused to reach the 
state of equilibrium. 

The contents of Tokugan 2002-366743, with a filing date of December 18, 
2002 in Japan, are hereby incorporated by reference. 

Although the invention has been described above by reference to certain 
embodiments of the invention, the invention is not limited to the embodiments 
described above. Modifications and variations of the embodiments described 
above will occur to those skilled in the art, within the scope of claims. 

For example, in each of the embodiments described above, the reactant 
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gas used in power generation is humidified and then supplied to the fuel cells 
1 after power generation is halted. However, the moisture-adjusted gas for 
adjusting the wetness of the fuel cells 1 after power generation is halted does 
not necessarily have to be reactant gas. For example, the humidity of an inert 
gas such as nitrogen may be adjusted and this gas may be supplied to the 
anode 2 and cathode 3 of the fuel cells 1 instead of reactant gas after power 
generation is halted. 

As long as the humidifiers 4 and 5 are capable of humidifying gas in 
. response to a signal from the controller 7, any type of humidifier may be used. 

INDUSTRIAL FIELD OF APPLICATION 

As described above, In this invention appropriately humidified moisture- 
adjusted gas is supplied to fuel cells after the fuel cells stop generating power, 
and thus condensed water inside the fuel cells is removed while maintaining 
the electrolyte membrane in a wet condition. Hence when the inoperative fuel 
cells are to be restarted from below freezing point, reactant gas is not obstructed 
from reaching the anode and cathode by frozen condensed water, and 
consequently the fuel cells can begin to generate power quickly. Further, 
since the electrolyte membrane is maintained in a wet condition, the fuel cells 
exhibit high power generation efficiency immediately upon the commencement 
of power generation. Accordingly, this invention has a particularly favorable 
effect when applied to a fuel cell system for installment in a vehicle which is 
used in an environment with severe temperature variations. 
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The embodiments of this invention in which an exclusive property 
privilege is claimed are defined as follows: 



